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Abstract
The processing speed ofmodern microchips and the density of components at the card
level has been increasing at a steady rate. With these increases, come an increase in heat
generation and a need to dissipate very high heat fluxes. Heat sinks that employ very
narrow channels, on the order of 58 - 600um wide have been shown to dissipate heat
fluxes as high as 10,000 kW/m2 (Tuckerman, 1984) while maintaining chip temperatures
below 130 C. The current study investigates the heat transfer characteristics of single and
two-phase flows in a 200 Jim wide channel. Water was used as a working fluid at three
flow rates and at three surfactant concentrations. The results showed a strong dependence
on flow rate in the single phase region, and up to 9120 kW/m was dissipated while
maintaining a surface temperature of 1 15 C. The data also suggest a reduction in heat
transfer efficiency with the addition of the surfactant sodium laurel sulfate (0.01%) in the
single phase. There was a delay in the onset of nucleate boiling, however as expected for
the same surfactant concentration. In the two-phase region, there was no significant
change in the heat transfer characteristics with the addition of surfactants.
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Nomenclature
A Cross sectional area of a resistor
Ac Channel cross sectional area
B Bias
CHF Critical heat flux
Cp Specific heat
D Diameter
Dh Hydraulic diameter
h Heat transfer coefficient in the microchannel
h Average heat transfer coefficient in the microchannel
k Thermal Conductivity
ONB Onset of nucleate boiling
P Perimeter
P Precision
Pr Prandtls number
q Heat flux
R Resistance
R" Total thermal resistance
R2 Curve fit
Re Reynolds number
R Initial resistance
vii
SLS Sodium laurel sulfate
To Initial temperature
Timtd Log mean temperature difference
T0 Outlet temperature
Tsat Saturation temperature
Tw Heating element (wall) temperature
U Total uncertainty
Xfdh Hydrodynamic entry length
Xfdt Thermal entry length
a Temperature coefficient of resistivity
jM Viscosity of liquid water
flv Viscosity of water vapor
p Density
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1. Introduction
1.1 MicroChannel Overview
Driven by the needs of the electronics industry, investigations have been underway to
find more efficient ways to transfer heat away from electronic components. This has been
of particular interest in the electronics packaging industry. Silicon chips must be
packaged prior to being installed on a circuit board. The package provides protection,
electrical connection to the circuit board, and heat dissipation. Both the reliability of the
chip and the reliability of the package depend on temperature. The processing speed of
the chip can also be affected by high temperature. Chips operate best below certain
prescribed temperatures, usually around 130 degrees Celsius. As the processing speed of
a chip increases, so does the generation of heat. Due to the high heat fluxes generated by
modern chips and the ever increasing density of electronic components on circuit boards
it was estimated in the early 1980s that there would be a need to dissipate as much as 100
W/cm by the end of the decade. Prior to 1981, the highest cooling rates were achieved
by specialized cooling units made by IBM and Honeywell. These devices could dissipate
only 20 W/cm2, which was considered as the practical upper limit to heat dissipation in
electronics packaging.
In their pioneering works, Tuckerman and Pease (1982, 1984) showed that enhanced
heat transfer performance could be achieved using heat exchangers incorporating very
small channels for the working fluid to flow. They performed optimizations that showed
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58 (im (0.002 in) to be the ideal channel width for heat transfer with water as a working
fluid. Channel width was optimized by minimizing hydraulic diameter (Dh ) in order to
minimize convective thermal resistance. The lower bound of 58 |im was determined
based on the viscosity of the working fluid, water, and a channel length of 1cm. With
these dimensions, a system pressure of 50 psi would need to be maintained for laminar
flow. These parameters were chosen to achieve the goal of compactness, and to keep
system pressures comparable to contemporary cooling systems. Other researchers use the
term microchannel to refer to channels as large as 600 um in width. They have been
fabricated from various materials such as silicon, aluminum, and indium phosphide, all
yielding similar heat transfer characteristics.
The heat transfer performance of microchannels is significantly higher than
conventional sized channels, but present drawbacks as well. They are difficult to fabricate
and clog easily. For these reasons, the trend has been toward larger channels, which are
still small enough to maintain the high performance ofmicrochannels. These are
sometimes referred to as millichannels.
1.2 Single Phase Heat Transfer
Single-phase heat transfer in microchannels occurs by the same mechanisms that
govern heat transfer in conventional internal flows. That is, Newton's law of cooling can
be applied.
If either a uniform surface temperature or a uniform heat flux is present, a fully
developed thermal profile can be assumed. If a fully developed thermal profile exists then
it can be shown that for a fluid with constant properties, the local convection coefficient
is constant independent of its position along the length of the flow. For laminar flow, the
thermal entry length is given by (Kays and Crawford, 1980)
KDh J
= 0.05ReoPr (1.1)
where X/d.t is the thermal entry length, Da is the hydraulic diameter, Reo is Reynolds
number, and Pr is Prandtls number.
For turbulent flow, a rough approximation is given by Incropera and Dewitt (1996) as
V
D
J
= 10 (1.2)
The appropriate form ofNewton's law of cooling for constant heat flux is
= h(Tw-To) (1.3)
and for constant surface temperature
q =h (Timid) (1.4)
where q'is the heat flux, Tw is the heating element temperature and To is the outlet
temperature of the working fluid. Also,
Timid = (Tw-To)-(Tw-Ti)
In
(Tw - To)
(Tw-Ti)
(1.5)
where Ti is the inlet temperature of the working fluid.
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For the constant heat flux case, the convective coefficient h is a local value and can be
measured at various locations along the flow. For the constant surface temperature case,
the convective coefficient h is an average value over the length of the flow.
1.3 Two Phase Heat Transfer
Two phase heat transfer occurs when the surface temperature is sufficient to induce
boiling in the working fluid. For internal flows in conventional channels, bubbles form on
the heater surface when this temperature is reached. The bubbles nucleate from tiny
pockets of gasses trapped in scratches and other surface imperfections on the heater
surface. This is known as onset of nucleate boiling (ONB). If a surfactant is present, the
working fluid wets the surface better and this phenomenon is delayed.
Initially, the bubbles form at random sites on the heating element, and are released
into the flow stream. As the heat flux is increased, bubbles appear at an increasing
number of sites. As the heat flux is increased further, the upward rising bubbles from any
given site begin to coalesce into a stream sometimes described as a vapor jet. This marks
the beginning of fully developed nucleate boiling. Eventually the bubbles in the flow
drive out the liquid and the surface becomes covered in vapor, with little or no liquid in
contact with the heated surface. This greatly reduces the efficiency of the heat transfer
and causes the surface temperature to rise dramatically. This can cause the heating
element to reach its melting point and fail. This condition is referred to as burn out. The
value of heat flux at which burn out occurs is referred to as critical heat flux (CHF).
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1.4 The Boiling Curve
Figure 1.1 is a plot of heat flux versus working fluid superheat near the surface of
the heating element, adapted from Dhir (1999). Working fluid superheat is the difference
between the saturation temperature of the working fluid and the temperature of the
working fluid near the heating element. Before point A, on the figure, the flow is single
phase. The curve in this region is linear, and dependent on flow rate. At point A, the fluid
has reached its saturation temperature and localized bubbles will begin to form in this
region. This is ONB. The behavior in the region between points A and B is known as
partial nucleate boiling. The heat transfer begins to increase rapidly in this region and the
curve is not linear. At point B, the boiling is fully developed and the curve is linear once
again. At this point, data from all flow rates tend to merge into one line, suggesting that
the effect of boiling dominates the effect of flow rate. Finally, at point C, CHF has been
reached, and the heating element temperature will begin to rise rapidly, and may reach its
melting temperature.
12
Heat
Flux
Increasing Flow Velocity
Fluid Superheat
Figure 1.1
Idealized boiling curve showing three different flow rates, adapted from
Dhir (1999). Point A is the onset of nucleate boiling. Point B is the
beginning of fully developed nucleate boiling. Point C is the point of
critical heat flux.
1.5 Effect of Surface Tension on Flow Boiling Characteristics
The addition of surfactants to the working fluid has been found to slightly
increase the heat transfer coefficient and delay the onset of nucleate boiling. Kandlikar
(1999) presents a table summarizing results of studies on the effects of various
surfactants on heat transfer. This table is reproduced in Appendix A. While most studies
have found a slight increase in heat transfer with surfactants such as ethylene glycol,
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there is one study by Wang and Harnett (1994) that found a slight decrease in heat
transfer with the addition of sodium laurel sulfate.
It was also stated by Dhir (1999), that as surface wettability increases, the boiling
curve (Figure 1.1) tends to shift to the right. Increasing wetability is an effect of
surfactants
1.6 Laminar and Turbulent Flow
In general, for internal flows through conventional sized pipes and ducts, flows are
considered to be laminar when the Reynolds number is less than 2300. In microchannels
it has been observed that fully turbulent flow occurs at Reynolds numbers between 1000
to 1500 (Peng and Wang, 1993, Wang and Peng,1994, Sivagnanam, Balakrishnan, and
Varma, 1994). There is no widely accepted expression for the hydrodynamic entry length
in turbulent flow, therefore this study assumes the definition given by Incropera and
Dewitt (1996)
Xfd,h\
V
<10 (1.6)
D J
where X/d. h is the hydrodynamic entry length.
This predicts an entry length of 0.277 cm for the current experimental apparatus, as
compared to the total length of the test section of 1.8 cm.
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2. Literature Review
2.1 PioneeringWork
Pioneering work in microchannel heat transfer was first performed by Tuckerman and
Pease in a series of experiments from 1982 to 1991. Tuckerman and Pease used a heat
sink with a series of 58 urn-wide channels etched in silicon to dissipate 1300
W/cm2
(13,000 kW/m ) while maintaining a surface temperature appropriate for computer chips
(below 130 C). They considered 58 pm to be the optimal channel width for laminar,
fully developed flow in microchannels and used water as a working fluid. They also
found that the heat transfer coefficients for laminar flow in microchannels were greater
than those for turbulent flow in conventional sized channels (Tuckerman and Pease,
1982, 1991; Tuckerman, 1984).
Continuing with the work of Tuckerman and Pease, Phillips investigated turbulent
flow in microchannels as well as the effect of aspect ratio, and surface roughness on the
heat transfer characteristics. Phillips also used water as a working fluid, but used a micro-
sawing technique to fabricate the microchannels. Phillips found that an increase in
channel width was acceptable to maintain the same cooling performance as
Tuckerman'
s
optimized 58 pm channels. (Phillips, 1987)
A summary of results given by Tuckerman (1984) and Phillips (1987) is given in
Table 2.1.
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Author Heat Flux Heating Element Temperature
(kW/m2) (C) 1
Tuckerman 13,090 130
Phillips 10,590 110
Phillips 6,770 95
Phillips 5040 110
Table 2.1
Summary of results given in pioneering works.
2.2 MicroChannel Flow Boiling
In 1993, Peng andWang investigated flow boiling heat transfer in microchannels and
found significant differences in the characteristics of flow boiling between microchannels
and conventional channels. They were unable to observe any bubbles in the microchannel
during flow boiling (Peng andWang, 1993). In 1998, Peng, Hu, andWang, investigated
flow boiling in V-shaped microchannels. In many studies from 1993 to the present, Peng
and various colleagues report that no bubbles are observed in the channels during flow
boiling.
2.3 MicroChannel Impingement Flow
Zhuang, Ma, and Qin investigated another variation in microchannel heat transfer in
1997. Heat transfer was investigated using impingement flow microchannels with
transformer oil and 3-M Fluorinert as working fluids. The authors found significantly
higher heat transfer rates with impingement flows as compared to the their previous work
with parallel microchannels (Zhuang, Ma, and Qin, 1997). Average heat transfer on the
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order of 14 kW/m C was observed for transformer oil at flow rates between 4.0 and 4.5
m/s2.
2.4 Mathematical Models
Mathematical models for the behavior of fluids in microchannels have been studied by
Koh and Colony in 1986, and Yin and Bau in 1997. Koh and Colony (1986) extended a
previous work on transpiration cooling of porous microstructures (Koh and Colony,
1974) to microchannel heat exchangers. The previous work dealt with a cooling scheme
to protect reentry vehicles (spacecraft), rocket nozzles, and gas turbine blades. The
extension to microchannel heat exchangers gives an iterrative method of finding the local
heat transfer coefficient if the temperature information is given.
Yin and Bau (1997) developed three-dimensional equations for uniform microchannel
heat exchangers, to calculate the optimal channel dimensions at a given pressure drop.
These accounted for axial conduction both in the working fluid and in the heat sink
material. They also presented a simple approximation of optimal channel dimensions
when the thermal conductivity of the heat sink material is much larger than that of the
working fluid.
Riehl, Seleghim and Ochterbeck (1998) have compiled heat transfer correlations for
single and two-phase flows through microchannels. This literature review gives a
comprehensive set of correlations for various laminar and turbulent flows and for various
working fluids. The authors present graphical comparisons of the correlations for three
working fluids, water, R-12, and R-134a.
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2.5 Objective of CurrentWork
The objective of the current work was to construct an apparatus which could be
built from easily obtainable components, and would allow the study of heat transfer
characteristics of water in a microchannel. In addition, the apparatus needed to allow for
visualization of the flow.
The effect of flow rate, and surfactant concentration were studied while using a
microscope to view the flow and observe the presence and nature of bubble formation.
3. Experimental Setup
3.1 Overview
The apparatus was intentionally kept very simple. Available literature contains
descriptions ofmany microchannel fabrication techniques such as chemical etching and
micro-sawing, all requiring larger budgets and possibly outside vendors. The objective
was to build a simple inexpensive apparatus that could be built from easily obtainable
components and that could be built in an average shop with no exotic tooling. In addition,
the apparatus had to be easily disassembled for reasonably efficient repair in case of
heating element burn out. The apparatus designed for this experiment meets these needs
and is believed to be a novel approach in design of not only the test section, but the pump
as well.
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The base and test section were built primarily of glass and acrylic. An acrylic base
was bonded to a piece of ordinary 6.35 mm (1/4 inch) thick glass, which had holes to
allow the water to pass through at the inlet and the outlet of the channel (Figure 3.1). The
glass also had holes for the bolts which applied pressure to hold the various layers
together. Larger holes were bored into the acrylic, concentric to the water inlet and outlet
holes in the glass. Brass inserts were machined and bonded into these holes to serve as
attachment points for the plumbing fittings and as electrical conductors to the heating
element. The heating element (Omega cat. no. SPPL-008, 0.008 in diameter pure
Platinum wire) was threaded through the brass inserts so that it ran along the surface of
the glass between the holes, and was secured inside the brass inserts with set screws.
Microscope slides (VWR Scientific cat. no. 48300-025, 25 X 75 X 1 mm) were placed
tightly against both sides of the heating element to form the channel. Another V* in thick
piece of glass matching the perimeter of the microscope slides was placed on top forming
the top of the channel and providing a window into the channel for observation.
The channel dimensions were such that any attempts to place adhesives between the
glass layers resulted in excess adhesive moving into the channel by capillary action. This
immediately clogged the channel rendering it useless. Pressure, therefore was necessary
to hold the layers together and to insure water would flow in the channel and not between
the layers. This was accomplished by milling a pocket and a window in another piece of
acrylic to hold the topmost piece of glass, and bolting this structure to the base.
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Plumber's putty was placed under the holding fixture and outside the perimeter of the
microscope slides to plug the ends of the channels. To ensure a good seal, silicon bathtub
caulk was applied along the perimeter of the holding fixture between the holding fixture
and the base.
The water flowed up through the brass fitting in the base where it made a 90-degree
turn into the channel. Here it ran over the heating element in the channel making another
90-degree turn at the end and exiting through another brass fitting in the base. Electrical
current was supplied to the heating element also through the brass fittings (Figure 3.1).
Drawings and photos of the apparatus are shown in Figures 3.1 through 3.5.
20
6.35 mm (1/4 in) Gla
Plumber's
Putty
75 X 25 X 1 mm Microscope Slides
Holding Fixture
Silicon Caulk
6,35 mm (1/4 in) Glass
25.4 mm (1 in) Acrylic
Brass Fitting
(-)
Figure 3.1
Side view of the experimental apparatus.
Figure 3.2
Photographic side view of the apparatus.
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Figure 3.3
End view of the apparatus with detail of channel cross section.
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Figure 3.4
Photographic top view of the apparatus.
Figure 3.5
Photograph of experimental setup showing microscope, pump, test
equipment, and test section.
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3.2 Test Section
The cross sectional dimensions of the test section were determined by the diameter of
the heating element and the thickness of the microscope slides. Pure platinum
thermocouple wire was chosen as the heating element because of its ability to withstand
high temperatures and because it's readily available in a variety of sizes. In preliminary
experiments, 0.002 inch wire was used as the heating element, but it proved too difficult
to work with, and the channels frequently clogged. The wire used in the final apparatus
was .008 inches in diameter, which resulted in a channel width of 203.2 pm ( 0.008
inches) which is roughly 3.5 times wider than
Tuckerman'
s optimized channels
(Tuckerman, 1984).
Since the cross section of the heating element is round and makes up the bottom of the
channel, the channel is not rectangular. This is not expected to affect the results
significantly, as only one side of the channel is affected. Also, it was assumed that the
enhancement in heat transfer characteristics due to the size of the channel would
dominate any due to this departure from rectangularity. The cross section of the channel
is shown in detail in Figure 3.6. The cross sectional area of the channel was calculated by
considering a rectangle of the same width as the channel, from the top of the channel
down to the point of contact tangent to the heating element. One half of the cross
sectional area of the heating element was then subtracted from the area of the
aforementioned rectangle.
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The effective diameter of the channel was used in the calculation ofReynolds number
as the characteristic length. It is defined as the hydraulic diameter (Incropera and Dewitt,
1996)
Dh =
AAc
(3.1)
Where Dh is the hydraulic diameter and P is the wetted perimeter. This allows the use of
equations originally developed for circular cross sections. Dimensions are shown in
Figure 3.6.
Cross Sectional Area; 0.1489mn~2
Derineten 2,147mm, Dh; 0,277mm
0.914mm
0.2032mm
Figure 3.6
Cut-away cross section ofmicrochannel with dimensions.
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It was assumed that the edges of the microscope slides were in close contact with the
heating element. Therefore, the width of the channel was the same as the diameter of the
heating element. It was assumed that there was water underneath the heating element, but
it was also assumed that the water underneath was not flowing with a significant velocity.
Since the water underneath the heating element was not flowing, it reached an
equilibrium condition and did not contribute significantly to heat transfer from the
heating element. It was further assumed that the lower half of the heating element was
well insulated by the glass base and channel sides. It was therefore assumed that heat flux
to the working fluid occurred only through the upper half of the surface area of the
heating element.
Heat loss through the apparatus was minimized by the insulating properties of glass
and acrylic. Extra fiberglass insulation was placed around the apparatus to further
minimize heat loss, especially around the brass fittings. This was verified by flowing
heated water through the test section and determining the energy loss from the
temperature drop across the apparatus. Energy loss was found to be negligible at less than
one-percent throughout the power range as shown in Figure 3.7.
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Figure 3.7
Percent of power lost through the apparatus for a representative subset of
the data.
3.3 Pump
A pressure vessel was fabricated from a piece of% inch thick walled tubing, 6 inches
in diameter and 8 inches long. Steel end caps were fabricated and bolted to each end with
rubber gaskets between the mating surfaces. A hole was drilled near the bottom for an
outlet and another was drilled at the top for an air inlet. Brass fittings were threaded into
the holes on the outside for the water outlet and the air inlet. Another fitting was threaded
to the same hole as the air inlet, but on the inside of the vessel. This provided an
27
attachment for an ordinary water balloon. The air was delivered from a regulator to the
balloon, which forced the water out of the vessel without introducing air into the water.
This allowed the amount of dissolved air in the water to be minimized. The pump is
shown in Figure 3.8.
Water Dutlet
Figure 3.8
Air pressure-driven pump.
3.4 TemperatureMeasurements
Type T thermocouples were placed near the inlet and near the outlet to measure the
respective temperatures. The outlet thermocouple was placed in an enlargement in the
tubing that ensured the thermocouple was always in contact with water and that there was
no thermal gradient in the water.
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The heating element temperature could not be measured with a thermocouple as it
would become an efficient path for heat loss. Instead, the resistance of the element was
measured and from this, the average temperature over the length of the element was
determined as follows:
It is well known that the resistivity ( p ) of a material changes with temperature.
Resistivity is related to resistance (R) by
R = P-A (3.2)A
where L is the length of the material and A is the cross sectional area. If the temperature
range is within certain limits, the resistance can be expressed as a linear function of the
change in temperature of the material.
R = Ro[l + a(T-To)] (3.3)
Where a is the temperature coefficient of resistivity and Ro is some resistance at a
reference temperature T0. If a material is heated externally to several known temperatures
and corresponding values of resistance are measured, a plot of resistance versus
temperature can be made and will be described by the following equation if linear,
R = RoCc(T-To)+R0 (3.4)
The slope of a line fit through the data points is Rod, and the intercept is Ro . From this
plot, the temperature of a resistance type heating element can be determined. When
current is flowing through the element, measurements of current and voltage can be used
to find resistance using Ohm's Law, which is then used to find temperature using the
calibration plot. The reader is cautioned that this method results in the average
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temperature across the heating element. Calculation of heat transfer coefficients therefore
results in the average value rather than local value.
3.5 Electrical Considerations
Electrical current reached as high as 25 Amps in this experiment. For this reason, all
connections and components had to be able to handle large current without affecting the
data. As discussed earlier, when the temperature of a material changes, so does its
resistance. Since accurate resistance measurements were crucial to accurate heating
element temperature determination, changes in resistance of the rest of the circuit needed
to be controlled or accounted for. For this reason, all connections were made with 10
gage stranded insulated copper wire, and all junctions were made as tight as possible.
This minimized the possibility of resistance changes in the wires and connections.
Power was supplied to the heating element by a Hewlett-Packard model 6572A, 0-
20V/0-100A D.C. power supply.
There were no ammeters available that could measure over 3 Amps with the accuracy
needed. For this reason, all current measurements were made by measuring the voltage
drop across a shunt resistor connected in series with the heating element. The shunt
resistor used was an Empro 100A-50mV. The manufacturer claims 0.1 per-cent accuracy
at 100A.
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3.6 DataAcquisition
The thermocouples were connected to a Keithley model 740 System Scanning
Thermometer. Voltage across the heating element was measured with a Keithley model
199 System DMM/Scanner with 61/2-digit readout. The voltage across the shunt resistor
was measured with a Fluke 8840A DMM/Scanner with 5V2-digit readout.
Flow rate was measured with a 100 mL graduated cylinder with 1 mL accuracy and a
stop-watch with 0. 1 second accuracy.
Readings were taken manually once system equilibrium was established. Readings
were taken every 10 seconds as long as equilibrium was maintained, for a total of ten
readings per power setting. Equilibrium was considered to be established when the
temperature variation was no more than 0.2 degrees Celsius.
4. Experimental Procedure
4.1 Calibration
At least one hour prior to each experiment or calibration, the electrical equipment
was powered up according to manufacturers recommendations. Keitheley and Fluke both
recommend waiting at least one hour after powering up the voltmeters, current source and
thermocouple scanner, before taking measurements to ensure accuracy.
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Water was pumped using a peristaltic pump from a constant temperature bath
through the apparatus. To achieve better accuracy during the calibration, current was
supplied using a Keithley model 224 Current Supply. The Hewlett Packard power
supplies used in the experiment were unable to supply a steady current in the milliamp
range needed for calibration. Calibration was performed using a 75 milliamp current with
the corresponding voltage drop across the heating element measured with the a Keithley
model 199 System DMM/Scanner with 6 Vi digit readout. From this data, resistance was
was determined at the temperature of the water pumped through the apparatus.
Temperatures were chosen to correspond to the expected temperature range of the heating
element during the experiment. The calibration plot is shown in Figure 4.1.
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Figure 4. 1
Calibration curve with resistance as a function of temperature difference for T0
27.2 C.
The equation the best fit line through the calibration data (Figure 4.4.1) was
determined to be
R = 0.00025(7 - To) + 0.06867
(R2
=0.995) (3.5)
where To = 27.2C.
From Equation 3.5, a can be determined to be 0.003640 which is a 7.3%
difference from the value given in the CRC Handbook of Chemistry and Physics (1986)
of 0.003927 (over the range of temperatures from 0-100 C).
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Equation 3.5 can be rearranged to
r =
*-0.06867
0.00025
The temperature of the heating element during the remainder of the experiment
was determined by calculating resistance from voltage and current, and using equation
3.6 to calculate the average temperature.
During calibration, the current source provided a measurable voltage and current
from which resistance could be calculated, but not enough to cause a significant increase
in temperature by resistance heating. This was verified by taking several readings with
the heating element in air while increasing current, then calculating resistance. Over the
range of values where resistance did not increase, it was concluded that the temperature
of the wire was not increasing significantly from resistance heating. Figure 4.2 is a plot of
current versus resistance for the heating element in air at around 40 degrees C. The plot
shows decreasing resistance below 40 milliamps and steady resistance between 50 and
100 milliamps. The decreasing resistance below 40 milliamps shows the limits of
precision of the measurements. In this range the equipment does not have sufficient
sensitivity to accurately measure the resistance of the heating element. In the 50 to 100
milliamp range, the resistance does not increase. This shows that the resistance can be
accurately measured in this region and the current is not sufficient to cause significant
resistance heating. The current source was only capable of supplying 101 milliamps, but
ifmore measurements were taken at increasing current values above 101 milliamps, a
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point would be reached where the resistance values would begin to rise. This point at
which the resistance would begin to rise would represent the amount of current necessary
to cause resistance heating in the heating element. Since 75 milliamps was roughly in the
middle of the flat region of the graph (Figure 4.2) this value of current was used for
calibration purposes.
20 40 60 80
Current (mA)
100 120
Figure 4.2
Calculated resistance as a function on current used to select an appropriate
value of current for calibration purposes.
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4.2 Preparation ofWorking Fluids
The working fluid in these experiments was either de-ionized water, or de-ionized
water mixed with the surfactant, sodium laurel sulfate (SLS, CAS number 151-21-3). The
working fluids were degassed using a vacuum pump and were left under negative
pressure until out-gassing ceased. For solutions with 0.05% SLS and 0.10% SLS,
degassing was not effective as emulsions were formed which made it impossible to tell
when out-gassing had ended. Consequently, an experiment was performed using working
fluids that were not degassed, with de-ionized water and de-ionized water with 0.01%
SLS. This ensured that the level of dissolved gasses in the two working fluids were
comparable and therefore did not affect the comparison.
The solutions of 0.05% and 0.10% SLS were made by dissolving 0.500g and
1 .000g respectively of solid sodium laurel sulfate in room temperature de-ionized water.
The final volume of each mixture was 1 .0L therefore the solution concentrations are
given as percent by weight. The 0.01% solution was prepared by dissolving lO.Og of SLS
into 100ml of de-ionized water, and diluting the subsequent mixture to a final
concentration of 0.01% by weight.
All working solutions were filtered through a 5 \xm , Gelman Scientific in-line
filter prior to reaching the test section.
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4.3 Steady State
Prior to recording data, the system was allowed to reach a steady. Steady state
was considered to have been reached when there was not more than a 0.2 C change in
temperature over a 1 -minute interval. In most cases steady state was reached within
seconds and lasted until an air pressure variation in the pump was encountered. Since the
results were sensitive to flow rate, any fluctuation in flow rate caused departure from
steady state.
During certain phases of boiling, temperature variations were not due to changes
in pump air pressure fluctuations, and could not be kept within 0.2 C. Steady state in
these cases was considered to be the point at which the output temperature stopped
showing an upward trend and fluctuated about a steady mean.
4.4 Recording the Data
Since a data acquisition system was not used, data was read and entered manually
into a notebook. The instrumentation was arranged so that readings could be taken in the
same order that they were written in the notebook. Once steady state was established,
readings of voltage and temperatures were taken approximately every 15 seconds, for a
total of 10 readings for every power setting.
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The quantities read were,
Voltage across the heating element.
Voltage across the shunt resistor (for determining current through the heating
element).
Temperature of the working fluid at the inlet of the channel.
Mixed mean temperature of the working fluid at the exit of the channel.
Volume ofwater leaving the apparatus over a 1 -minute time interval.
In addition, the following dimensions were measured using micrometers and scales where
appropriate. Ten measurements of each dimension were averaged to obtain the final
results.
Length of the heating element.
Length of the channel.
Diameter of the heating element, (width of the channel)
Thickness of the microscope slides (height of the channel)
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5. Data Reduction
Data were transferred from the notebook to a spreadsheet. Microsoft Excel
software was used for spreadsheet calculations and curve fitting. In order to determine
properties of water such as density, thermal conductivity etc., a data table taken from
Incropera and Dewitt (1996) was entered into a Microsoft Excel work sheet, and graphed.
A curve was fit to the data and the resulting equations were then imbedded into
spreadsheets where needed to calculate these values for the experimental data. These
equations are shown in Table 5.1.
H (Ns/rn) = 1 -675e
16
(f) - 4.
152e"13
(f)+
4.273e"10
(f) - 2.337e
7
(f) + 7.
172e"5
(f) - 0.01 17 (T) + 0.798
Uv (Ns/rn) = - 1.838e-l 1 (f) + 5.218e-8 (T)- 4.904e-6
p (kg'rn) = -
1.165e'12
(f) + 2.801e
9
(f)-
2.810e"6
(f) + 0.00151 (f) - 0.459 (f) + 74.98 (T) - 4103
Pr = 1.500e
12
(f) - 3.715e
9
(f)+
3.819c"6
(f) - .00209 (?) +0.639 (f) - 104 (I) + 7065
k(W/mK) = 4.661e
15
(f) - 1.124e
"
(f)+ 1.1 18e
8
(f) -
5.870e"6
(f) + .00171 (f) - 0.258 (T) + 1625
Q (J/kgK) =
3.734e"14
(f) -
8.844e"11
(f)+
8.684e"8
(f) - 0.0000452 (f) + .01316 (f) - 2.030 (T) + 134
T^ (K) = - 1-088 (P4) + 10.513 (P3) - 38.832 (P2) + 79.325 (P) - 49.922
T= temperature [K|, P= pressure [bars]
2
All trends fit corresponding datawtha sum-squared-error,R < 0.998
Table 5.1
Embedded equations used in spreadsheet calculations.
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Results were calculated as follows,
1 . Using Ohm's Law, current through the heating element was calculated from the
voltage across the shunt resistor.
2. Again using Ohm's law, and the results of the calculation of current, both resistance
of the heating element and power were calculated.
3. From calculated heating element resistance, and from the calibration data, the
temperature of the heating element was determined.
4. Heat flux was determined by dividing the electrical power obtained above by half the
surface area of the heating element (as discussed in Section 3.2).
6. Results
6.1 Effect of Flow Rate on Single Phase Data
For single phase heat transfer, heat fluxes as high as 5000 kW I
m2
were achieved
while keeping the heating element temperature under 100 C. Figure 6.1 shows the heating
element temperature as a function of heat flux for three flow rates. The three flows are all
turbulent and in the single-phase region. Clearly, as flow rate is increased, higher heat
fluxes can be dissipated.
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Figure 6.1
Average heating element temperatures at various heat fluxes, with flow rate as a
parameter, for single phase data.
Figure 6.2 shows the average heat transfer coefficient ( h ) for the same three
turbulent flows in Figure 6.1. All flows show a nearly constant value for h , as expected,
and h increases with increasing flow rate.
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Figure 6.2
Average heat transfer coefficient at various heat fluxes, with flow rate as a
parameter, for single-phase data.
6.2 Effect of Flow Rate on Two-Phase Data
For two-phase heat transfer, heat fluxes as high as 8000 kW I
m2
were achieved
while keeping the heating element temperature under 106 C. Figure 6.3 shows the heat
flux as a function of heating element temperature for three flow rates in the single and
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two-phase regimes. Figure 6.4 shows h for the three flow rates in single and two-phase
heat transfer. Single-phase heat transfer shows an increase with increasing flow rate.
Values of h become coincident in the fully developed boiling region.
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Figure 6.3
Boiling curve including single-phase data for three flow rates.
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Average heat transfer coefficient at various heat fluxes, with flow rate as a
parameter, for single-phase data.
Figure 6.5 shows h as a function of cooling water inlet temperature subtracted
from heating element temperature. Once again, h is directly dependent on flow rate.
Hysterisis can be seen in the 0.83 ml/s
(8.3E4
kg I s) flow rate data in the two-phase
region.
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Average heat transfer coefficient as a function of inlet temperature subtracted
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6.3 Effect of Surfactant on Single Phase Data
Figure 6.6 shows heat flux as a function of heating element temperature. There is
no apparent enhancement of heat transfer characteristics shown from the addition of
surfactants in this data.
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Figure 6.6
Heat flux as a function of average heating element temperature with surfactant
concentration as a parameter. Single and two-phase data are shown.
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6.4 Effect of Surfactant on Two-Phase Data
Figure 6.7 shows h as a function of heat flux. The effect of the surfactant is
unclear from this data, but significant hysterisis can be seen in the two-phase region. The
data shows a possible downward trend in h as surfactant concentration is increased.
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Figure 6.7
Average heat transfer coefficient as a function of heat flux, with surfactant
concentration as a parameter. Single and two-phase data are shown.
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6.5 Higher Heat Flux Data
Figure 6.8 and 6.9 show the results of the repeat experiment comparing de-ionized
water to a lower SLS concentration. Figure 6.8 shows heat fluxes on the order of
6000 kW Im2were dissipated while keeping the heating element temperature below 100
C. Figure 6.9 shows h as a function of of heat flux, and like the previous surfactant data,
show decreasing h with surfactant.
Figure 6.8 shows heat flux as a function of heating element temperature. Here the
delay in the onset of nucleate boiling can be observed, but hysterisis is not observed.
Bubbles were observed in the test section, but appeared to be forming only in
areas where the seal was not tight. The bubbles appeared to be going off to one side and
may have been escaping between the layers of glass.
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Heat flux as a function of average heating element temperature, with surfactant
concentration as a parameter. Single and two-phase data are shown. These data
include higher heat fluxes than previous data and a lower surfactant concentration.
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7. Discussion
7.1 Overview
Comparison to available literature must be made with some qualification.
Available literature deals with the cooling of a heat source (microchip) via a heat sink,
whereas this study deals with the direct cooling of a heating element. In the available
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literature, therefore, the heat source is separated from the working fluid. The heat sink
conducts the heat to the working fluid on three sides of the channel. In the current study,
the heat source is directly immersed in the working fluid, which is heated by only one
wall of the channel.
7.2 Dissipated Heat Fluxes
Despite the aforementioned differences, the data are similar to published results.
Figure 7.1 shows heat fluxes dissipated at given surface temperatures for the current
study as well as previous studies by Tuckerman (1984) and Phillips (1987). As seen in
Figure 7.1, the heat fluxes dissipated in the current study are within 14% of the heat
fluxes dissipated in current studies at similar surface temperatures. A better comparison is
thermal resistance, as this takes into account differences in surface temperature. Phillips
(1987) reported total modified thermal resistances, which is calculated as follows, and
has units of
C
W// 2/ cm
Twall Tinlet
K tot = (^ / . 1 )
PowerDensity
Figure 7.2 shows a comparison of total modified thermal resistance between the
current study and previous studies by Tuckerman (1984) and Phillips (1987). The results
of the current study differ from the results of Phillips (1987) by as much as 35%,
however differences in flow rate may account for the difference in results. Results
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reported by Phillips (1987) were for Re = 1500 while the results of the current study are
for Re = 1200.
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Figure 7.1
Comparison of heat flux results from the current study to work done by
Tuckerman (1984) and Phillips (1987).
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7.3 Comparison to Correlations
Figure 7.3 compares the results of the current study, to correlations given by
Dittus-Bolter (1930), and Peng andWang (1993). Both correlations are for single phase,
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turbulent flow, however Peng andWang (1993) formulated their correlation specifically
for microchannel flows, citing that Dittus-Bolter under predicted the results of
microchannel phenomena. The Dittus-Bolter correlation is given by,
Nu= 0.023Re4/5Pr04 (7.2)
and the Peng and Wang correlation is given by,
/Vw = 1.86Re1/3Pr1/3
(DTftu^
0.14
KLJ VMV
(7.3)
As seen in Figure 7.3, data match Peng andWang for Reynolds numbers of 1 100
and 1921, but results of the current study differ from both correlations for Reynolds
number of 2556. This is due to the scatter in the data at that Reynolds number. The data
average to a higher value than was expected.
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Comparison of average Nu at values of Re from the current study to the Dittus-
Bolter (1930) correlation and a microchannel correlation given by Peng and Wang
(1993).
Power data were compared to values predicted by a simple energy balance for
given heating element temperatures. The following equation was used,
q = mcP(To - Ti) (7.4)
where cp is the specific heat of water in kgK
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As expected, the experimental data showed slightly higher than predicted power
was needed to obtain a given heating element, due to losses. Figure 7.4 shows the energy
balance results and experimental results for power at given heating element temperatures.
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Figure 7.4
Experimental and energy balance results for power as a function of
heating element temperature.
7.4 Boiling Curves
Figures 6.3, 6.6, and 6.8 are boiling curves as described by Dhir (1999) with the
exception that instead of superheat, heating element temperature was graphed. This was
due to the difficulties in calculating saturation temperature from the available data. Figure
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6.8 most clearly shows the expected form, that is a linear single-phase region between 60
C and 90 C, followed by a curved, ONB region and finally a fully developed boiling
region between 100 C and 120 C. It should be noted that ONB occurs below the
saturation temperature assuming Tsat would have been above 100 C. This is due to the
method of determining the heating element temperature, which resulted in average
temperature rather than maximum or local temperature.
7.5 Effect of Flow Rate
In Figures 6.1 - 6.5 a dependence on flow rate can clearly be seen. This is shown
most clearly in Figure 6.5 where a 100% increase in flow rate from 0.46 ml/s to 0.83 ml/s
(5e~
kg/s to
lOe"
kg/s) has resulted in a 1 16% increase in heat transfer coefficient from
37 kW/m2 to 80 kW/m2.
7.6 Effect of Surfactant
Figure 6.7 shows inconclusive results for the effects of the surfactant, sodium
laurel sulfate on single phase heat transfer. This is most likely due to the differences in
dissolved gasses in each working fluid. A study by Adams, Ghiaasiaan, and Abdel-
Khalik (1999) showed that dissolved air in water could enhance the heat transfer as much
as 17%. Due to the foaming of the surfactant when placed under negative pressure, the
working fluids could not be held under negative pressure for equal amounts of time and
were therefore degassed to different extents. Also it was thought that the surfactant
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concentrations were too high at 0.05% and 0.10%. For this reason the experiment was
repeated for a non-degassed working fluid at a concentration of 0.01% sodium laurel
sulfate. This was compared to the same de-ionized water that was used to prepare the
surfactant solution to ensure that the levels of dissolved gasses were as similar as possible
between the de-ionized water and the surfactant solution. Results of this experiment are
given in Figures 6.8 - 6.9 where it can be seen that the heat transfer coefficient was lower
for the working fluid with the surfactant in single-phase heat transfer.
For two-phase heat transfer, Figure 6.5.3 shows a delay in the onset of nucleate
boiling as predicted by Dhir (1999). Hysterisis is also observed in Figure 6.5.3 for the de-
ionized water, but not for the surfactant data. This is most likely due to having too few
data for higher heat fluxes in the surfactant data. Hysterisis in the de-ionized water data is
from the sudden release of dissolved air in the working fluid at the onset of nucleate
boiling.
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8. Uncertainty Analysis
Estimates of uncertainty in this experiment were calculated using a 95%
confidence interval. Uncertainty was determined from estimates of bias (B) and precision
(P) by the following,
U = [b2 +
P2}'2
(8.1).
In general, bias was considered to be the least count of the measuring instrument,
calibration data as supplied by the manufacturer or, in the case of the thermocouples,
calibration done in-house. Precision was determined by multiplying the standard
deviation of 10 measurements by 2.26 (from a standard Students T-Table). In general, 30
would be the optimal number ofmeasurements, however difficulties in maintaining
steady state for a long period of time prevented that number ofmeasurements.
Propagation of error was determined by solving the propagation equation ofKline
and McClintock (1955). For example, the precision error in the determination of h , is
calculated as follows,
/^\2
/;n,y
/y =
dh
Pa Pa +
f dh ^
ydTwj dT0
(8.2)
q - hA(Tw - To)
(T-To) = AT
(8.3)
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Combining Equations 8.2 and 8.3 gives
UJ
'PS (Pa}2 (PTw\2 (PTo^2
+
ka;
+
( PTW
^ J
+
vAry
(8.4).
Similarly, the propagation of bias is calculated as,
rnu\2 ( n.\B, B,
+
KAJ
+
' BT^
KATJ
+
rBToS
(8.5)
In this study, propagation of error was significant since there were several steps
between the reading of the data and the final result. Propagation of both bias and
precision was determined at each calculation step outlined in Section 5 and used in
subsequent steps. For example, precision was determined for the voltage across the
heating element by multiplying the standard deviation of 10 readings by 2.26 (value
obtained from Student's T-Table). Power was then determined as follows,
P = VI (8.6)
where P = electrical power supplied to heating element, V = voltage across heating
element, and I = current through heating element. The propagation of uncertainty
according to Kline andMcClintock (1955) was therefore,
'El (El)
2 (p^2
+
v7,
(8.7)
where Pp is the precision error propagated in the determination of heating element
power, Pv is the precision error in the measurement of voltage across the heating
element, and Pi is the precision error propagated in the determination of current through
the heating element. Equation 8.7 results in a value for Pp , which is then used in the
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subsequent determination of the propagation of precision error for heat flux in a similar
manner. Finally, this result is used in the determination of the propagation of precision
error for the average heat transfer coefficient, h . The process is then repeated for
propagation of bias error, and the two results are combined using Equation 8.1 to
determine total uncertainty.
Since the heating element temperature was determined from a calibration curve
fit, uncertainty was determined by calculating the lowest temperature and the highest
temperature from the total uncertainty in the heating element resistance. This was then
used to determine the lowest temperature and highest temperature uncertainty boundaries
in each measurement.
A summary of bias, precision and total uncertainty values determined for this
experiment is given in Table 8.1. A complete listing of uncertainty values is given in
Appendix C.
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Q" T Have
Result B P U Result B P U Result B P U
Data Set (kW/m2) (%) (%) (%) (C) (%) (%) (%) (kW/m2k) (%) (%) (%)
138 0.020 3.14 3.14 69.1 4.34 0.69 4.40 34 7.75 3.38 8.46
Water with 175 0.020 3.13 3.13 77.7 3.86 0.26 3.87 36 6.49 3.17 7.22
0.01% SLS 212 0.019 3.19 3.19 95.3 3.15 2.18 3.83 33 4.93 4.81 6.88
0.46 ml/s 255 0.019 3.14 3.14 90.5 3.31 0.62 3.37 42 5.33 3.40 6.32
Re= 1200 297 0.019 3.14 3.14 95.3 3.15 0.97 3.29 47 5.10 3.66 6.28
343 0.019 3.14 3.14 97.7 3.07 0.82 3.18 52 5.01 3.49 6.10
395 0.018 3.14 3.14 100.3 2.99 0.50 3.03 59 4.95 3.61 6.13
499 0.018 3.14 3.14 103.0 2.91 0.55 2.96 72 4.76 3.40 5.85
622 0.018 3.13 3.13 105.8 2.84 0.27 2.85 87 4.73 3.20 5.71
136 0.020 3.19 3.19 60.7 4.94 2.93 5.74 42 9.94 6.73 12.01
Water 169 0.020 3.14 3.14 65.1 4.61 0.60 4.65 46 8.80 3.36 9.42
0.46 ml/s 200 0.019 3.13 3.13 70.8 4.24 0.37 4.25 48 7.64 3.22 8.29
Re= 1200 244 0.019 3.14 3.14 82.0 3.66 0.57 3.70 47 6.16 3.28 6.98
290 0.019 3.14 3.14 90.3 3.32 0.62 3.38 48 5.35 3.33 6.31
333 0.019 3.16 3.16 93.7 3.20 1.45 3.51 53 5.20 3.95 6.53
445 0.018 3.14 3.14 99.3 3.02 0.67 3.10 66 4.86 3.34 5.90
561 0.018 3.14 3.14 102.9 2.92 0.55 2.97 82 4.95 3.30 5.95
624 0.018 3.13 3.13 104.4 2.87 0.33 2.89 90 4.95 3.21 5.90
760 0.018 3.13 3.13 108.5 2.76 0.26 2.78 107 4.92 3.31 5.93
912 0.018 3.14 3.14 115.0 2.61 0.56 2.67 127 5.21 4.59 6.95
Table 8.1
Summary of bias, precision, and total uncertainty for a representative subset of the
data.
9. Conclusion
The goal of constructing a low cost apparatus for investigation of flow boiling
phenomena in microchannels, was achieved, however further improvements are possible.
The small cross section heating element, being only 1.8 cm long, had a very low
resistance that was difficult to measure accurately. In addition, the low thermal
coefficient of resistance of Platinum, combined with the low resistance, made detecting
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the changes in resistance even more difficult. It is suggested that a different material be
found, with a change to a much larger area. This would approximate the chip/heat sink
model, followed by the majority of the researchers in the current literature. This would
necessitate the construction of a microchannel heat sink rather than just a single channel.
Further investigation is needed into the effect of the surfactant concentrations on
the heat transfer and boiling phenomena. In this study, and one other study (Wang and
Harnett, 1994) heat transfer was actually reduced by the addition of SLS, while in other
studies, the heat transfer was increased. It is possible that above some limiting
concentration, the heat transfer is adversely affected by the surfactants, while below that
concentration, heat transfer is enhanced.
All investigations to date have been unsuccessful in visualizing bubbles in the
channel during boiling. The nature of the boiling curve, confirms two-phase heat transfer,
but bubbles have been elusive. This apparatus would be ideal used in conjunction with a
high-speed camera, under magnification, or with strobe light photographic techniques.
Finally, saturation temperature could not be determined due to inaccuracies in
calculating the pressure drop across the test section. The number of minor losses between
the pressure reading and the test section needs to be minimized, and more accurate
measurements need to be taken on either side of the test section. The challenge is
eliminating or accurately accounting for the losses, since the working fluid must flow
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through at least one large reduction and make two 90-degree turns into and out of the test
section.
There are many areas open for further research on this topic using air as a working fluid.
Many powerful microchips are being put into devices where water cooling is not
possible. In applications where water or refrigerant cooling is currently used, there is
much interest in converting to air cooling because of cost and energy consumption
benefits.
The current trend for microelectronics is toward what IBM calls "Pervasive Computing."
This is a concept where powerful computing devices become a ubiquitous and transparent
part of everyday life, connecting everybody to the internet, and therefore each other.
Some envision the day where even kitchen appliances are connected to each other and to
the web, automatically determining recipes based on the ingredients on hand, and
reminding the would be chef when it's time to restock certain ingredients (Wlkomir,
1999). In addition to these smaller devices, super-computers continue to increase in
power and speed. These devices will demand advanced cooling technologies, and there is
much work to be done.
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11. Appendix A
Summary of some important studies on surface tension effects on boiling
(Kandlikar, 1999)
Mixtures/
Author/Year Composition Results Comments
Lowery and Methanol with Heat transfer increased, though the Rate of nucleation on the heating
Westwater (1957) additives surface tension remained surface was affected by the
,
unchanged with additives. presence of additives.
Jontz andMeyers Water and Aerosol Volumetric study with air indicated Initiation of nucleation was
(1960) and Targitol of that dynamic surface tension identified as another parameter
different changed for Targitol solutions but being affected by surface tension
concentrations not for Aerosol solutions. Heat besides the departure bubble
transfer increased by 50% with volume.
Targitol and 400% with Aerosol.
Dunskus and Isopropanolwith Bubble frequency increased with Changes in contact angle and
Westwater (1961) additives additives; surface viscosity with surface viscosity are believed to
higher molecular weight additives affect the heat transfer rate.
was identified as a factor.
Roll andMeyers Water and five Bubble volume at departure and The complex influence of
(1964) surfactants bubble growth rates were obtained surfactants on heat transfer
experimentally. Bubble volume, through bubble growth, departure
growth time, and delay time size and frequency was identified.
decrease with surface tension;
bubble frequency increased by an
order ofmagnitude.
Kochaphakdee Water and polymeric Polymeric additives with long chain Surface viscosity with higher
andWilliams additives molecules improved heat transfer. molecular weight additives retards
(1970) Although the viscosity was not bubble coalescence, leading to
affected, the heat transfer was increase in heat transfer rate.
improved due to the same factors as
those responsible for reducing
turbulent drag for thesemixtures in
pipe flow.
Shaw and Darby Water with In the falling film experiments, heat Foaming results as the bubbles do
(1973) commercial transfer improved due to foaming not coalesce. This behavior is due
surfactant under nucleate boiling conditions. to the reduction in surface tension.
Yang andMaa Water with two As surface tension of the mixture The localized increase in surface
(1983) different surfactants decreased, the heat transfer tension during the growth of a
coefficient increased. bubble inhibits coalescence.
Tzan and Yang Water with SLS Heat transfer improved with the The photographs show the
(1990) surfactant addition of surfactant The bubble increased bubble activity with
density also increased on the heater smaller bubbles as the surface
surface. tension decreased.
Wang and Water with Heat transfer with SLS and Tween The results are contradictory to
Harnett (1994) surfactants surfactants in water was same or other studies. The reasons are not
lower than water though the surface clear.
tension was lower.
Straub (1993) Water and The presence of a bubble on a Photographic results under
refrigerant under surface induced micro-convection saturated conditions should be
regular and which improved heat transfer with used with caution as the camera
microgravity refrigerant, but not with water. speed was low at 100 fpm. Presence
Role of surface tension through flow of smaller bubbles improved heat
around bubble explained. transfer as against the formation of
dry spots with large bubbles.
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Mixtures/
Author/Year Composition Results Comments
Malyshenko
(1994)
Argon The experimental values of
superheat prior to nucleation are
lower than calculated values
For small bubbles the curvature
effect on surface tension needs to
be considered.
Ammerman and
You (1996)
Water with FC-72
and SLS surfactant
The heat transfer rate increased
with the addition ofSurfactant. The
convection component increased
while the latent component
decreased
The system is similar to Wang and
Harnett (1992) for water, but the
heat transfer improved with
addition of surfactant. Increased
nucleation with surfactants caused
agitation of liquid.
Wozniak,
Wozniak, and
Bergelt (1996)
Water under regular
and microgravity
Surface tension driven flow
becomes important in the absence
of buoyancy circulation caused by
gravity.
Role of surface tension becomes
more important in micro gravity.
Kandlikar and
Lucas (1998)
Water and ethylene
glycol
Slight increase in heat transfer
observed at low concentration of
ethylene glycol in water.
Effect of contact angles and other
parameters affecting bubble
characteristics needs to be studied.
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12. Appendix B
Supplier information
Aldrich Chemicals
PO Box 355
Milwaukee Wl 53201
800 558 9160
Empro Mfg. Co., Inc.
10920 59* St.
PO Box 26060
Indianapolis IN 46226
317 823 4478
Huke Corporation
6920 Seaway Blvd.
EverettWA 98203
425 347 6100
www.fluke.com
Gelman Sciences
600 S. Wagner at Liberty
Ann Arbor MI 48103-9019
734 665 0651
Hewlett-Packard
3000 Hanover Street
Palo Alto CA 94304-1 185
650 857 1501
www.hp.com
Keithley Instruments Inc.
28775 Aurora Rd.
Cleveland OH 44139
800 552 1115
www.keithley.com
Omega Engineering Inc.
One Omega Drive
Stamford CT 06907-0047
800 826 6342
www.omega.com
VWR Scientific
1310 Goshen Parkway
West Chester PA 19380
www.vwrsp.com
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13. Appendix C
Complete summary of uncertainty in results
q" T ^ave
Result B P U Result B P U Result B P U
Data Set (kW/m2) (%) (%) (%) (C) (%) (%) (%) (kW/mzk) (%) (%) (%)
32 0.044 3.14 3.14 40.8 7.36 1.23 7.46 25 24.65 5.21 25.20
46 0.038 3.13 3.13 45.7 6.56 0.48 6.58 27 18.17 3.41 18.49
Water 65 0.033 3.14 3.14 47.9 6.26 0.86 6.32 34 16.12 3.87 16.58
0.46 ml/s 84 0.030 3.16 3.16 53.0 5.66 2.13 6.04 35 13.00 5.86 14.26
Re = 1200 97 0.029 3.17 3.17 56.3 5.33 2.75 5.99 36 11.59 6.77 13.42
110 0.028 3.14 3.14 59.2 5.07 0.97 5.16 37 10.55 3.74 11.19
123 0.027 3.13 3.13 65.0 4.61 0.37 4.63 35 9.00 3.22 9.56
139 0.026 3.13 3.13 68.8 4.36 0.47 4.38 36 8.17 3.26 8.79
155 0.026 3.14 3.14 74.1 4.05 0.88 4.15 35 7.31 3.54 8.12
169 0.025 3.22 3.22 74.4 4.03 3.17 5.13 39 7.29 6.62 9.85
186 0.025 3.14 3.14 77.0 3.90 0.76 3.97 40 6.87 3.43 7.68
207 0.024 3.14 3.14 84.6 3.55 0.75 3.62 39 6.00 3.39 6.89
230 0.024 3.15 3.15 89.3 3.36 1.34 3.62 40 5.59 3.90 6.82
203 0.024 3.14 3.14 91.3 3.28 0.42 3.31 33 5.12 3.21 6.04
269 0.023 3.16 3.16 84.6 3.55 1.74 3.95 51 6.04 4.39 7.47
285 0.023 3.23 3.23 90.2 3.33 2.90 4.41 49 5.50 5.98 8.13
314 0.022 3.14 3.14 94.1 3.19 0.71 3.27 52 5.29 3.45 6.31
342 0.022 3.14 3.14 98.4 3.05 0.39 3.07 53 5.07 3.22 6.01
364 0.022 3.14 3.14 100.4 2.99 0.61 3.05 56 5.03 3.35 6.04
390 0.021 3.13 3.13 101.9 2.94 0.20 2.95 59 5.04 3.15 5.94
444 0.021 3.14 3.14 103.3 2.90 0.61 2.97 66 5.05 3.37 6.07
31 0.044 3.13 3.13 38.4 7.82 0.28 7.82 31 31.04 3.33 31.22
Water 64 0.033 3.14 3.14 43.2 6.94 1.69 7.15 44 21.44 6.09 22.29
0.83 ml/s 107 0.028 3.16 3.16 50.5 5.94 2.20 6.33 50 14.61 6.28 15.90
Re = 2000 200 0.024 3.13 3.13 67.6 4.43 0.35 4.45 53 8.35 3.20 8.94
328 0.022 3.14 3.14 87.8 3.42 0.87 3.53 58 5.58 3.45 6.56
378 0.021 3.15 3.15 93.6 3.21 1.21 3.43 61 5.11 3.69 6.30
437 0.021 3.14 3.14 94.5 3.17 0.67 3.24 70 5.08 3.32 6.07
489 0.021 3.13 3.13 95.3 3.15 0.28 3.16 78 5.08 3.17 5.99
544 0.020 3.14 3.14 97.8 3.07 0.69 3.15 85 5.03 3.34 6.04
615 0.020 3.13 3.13 101.1 2.97 0.28 2.98 92 4.84 3.18 5.79
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q" Tw riave
Result B P U Result B P U Result B P U
Data Set (kW/m2) (%) (%) (%) (C) (%) (%) (%) (kW/rr/k) (%) (%) (%)
31 0.043 3.13 3.13 36.7 8.18 0.61 8.21 43 43.11 4.49 43.34
Water 63 0.033 3.14 3.14 40.7 7.38 0.86 7.43 57 28.32 4.68 28.70
1.0 ml/s 104 0.028 3.13 3.13 45.1 6.65 0.62 6.68 69 20.65 3.68 20.98
Re = 2600 193 0.024 3.13 3.13 56.9 5.28 0.27 5.28 74 12.02 3.21 12.44
269 0.023 3.13 3.13 65.4 4.59 0.28 4.59 79 9.23 3.19 9.76
363 0.021 3.13 3.13 75.3 3.98 0.19 3.99 83 7.27 3.16 7.92
477 0.021 3.13 3.13 86.6 3.46 0.17 3.47 88 5.84 3.15 6.63
507 0.020 3.14 3.14 90.5 3.31 0.93 3.44 89 5.53 3.51 6.55
540 0.020 3.13 3.13 93.5 3.21 0.27 3.22 90 5.31 3.16 6.18
571 0.020 3.13 3.13 95.0 3.16 0.23 3.17 93 5.21 3.16 6.09
603 0.020 3.13 3.13 97.0 3.09 0.14 3.10 96 5.07 3.14 5.97
666 0.020 3.16 3.16 98.1 3.06 1.47 3.39 106 5.09 4.00 6.47
664 0.020 3.14 3.14 99.4 3.02 0.46 3.05 104 5.01 3.24 5.97
819 0.019 3.13 3.13 105.5 2.84 0.18 2.85 119 4.70 3.15 5.66
82 0.030 3.13 3.13 45.6 6.58 0.21 6.58 42 16.31 3.18 16.62
Water 198 0.024 3.16 3.16 67.2 4.47 1.78 4.81 50 7.99 4.48 9.16
0.46 ml/s 218 0.024 3.14 3.14 69.2 4.33 0.50 4.36 53 7.62 3.27 8.29
Re = 1200 238 0.023 3.16 3.16 70.5 4.25 1.81 4.62 56 7.40 4.46 8.65
257 0.023 3.13 3.13 77.4 3.88 0.43 3.90 52 6.44 3.24 7.20
286 0.022 3.14 3.14 84.3 3.56 0.51 3.59 51 5.69 3.25 6.55
326 0.022 3.13 3.13 88.1 3.40 0.35 3.42 55 5.31 3.18 6.19
359 0.022 3.13 3.13 93.8 3.20 0.21 3.20 55 4.87 3.15 5.80
389 0.021 3.15 3.15 97.6 3.07 0.97 3.22 57 4.62 3.47 5.78
446 0.021 3.14 3.14 104.8 2.86 0.50 2.91 59 4.21 3.22 5.30
489 0.021 3.13 3.13 96.5 3.11 0.27 3.12 73 4.80 3.17 5.75
83 0.030 3.14 3.14 47.7 6.28 0.93 6.35 40 15.22 3.96 15.72
Water with 204 0.024 3.14 3.14 67.7 4.43 0.58 4.47 51 7.95 3.30 8.61
0.05% SLS 239 0.023 3.13 3.13 76.8 3.91 0.39 3.93 49 6.57 3.20 7.31
0.46 ml/s 262 0.023 3.13 3.13 81.0 3.70 0.33 3.72 50 6.07 3.19 6.86
Re = 1200 290 0.022 3.36 3.36 83.7 3.59 4.84 6.02 53 5.80 8.51 10.29
304 0.022 3.13 3.13 86.1 3.49 0.18 3.49 53 5.57 3.15 6.40
332 0.022 3.13 3.13 90.4 3.32 0.19 3.32 54 5.19 3.15 6.07
385 0.021 3.16 3.16 92.9 3.23 1.61 3.61 61 5.05 4.04 6.46
406 0.021 3.13 3.13 91.6 3.28 0.22 3.28 66 5.17 3.15 6.05
437 0.021 3.14 3.14 95.8 3.13 0.80 3.23 67 4.92 3.41 5.99
491 0.021 3.13 3.13 97.4 3.08 0.10 3.08 74 4.83 3.14 5.76
552 0.020 3.13 3.13 100.8 2.98 0.09 2.98 81 4.86 3.14 5.79
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q" T ^a\e
Result B P U Result B P U Result B P U
Data Set (kW/rn) (%) (%) (%) (Q (%) (%) (%) (kW/rnk) (%) (%) (%)
83 0.030 3.13 3.13 48.0 6.25 0.33 6.26 39 14.79 3.23 15.13
Water with 250 0.023 3.14 3.14 88.2 3.40 1.03 3.55 42 5.40 3.54 6.46
0.10% SLS 296 0.023 3.13 3.14 98.1 3.06 0.38 3.08 43 4.65 3.19 5.64
0.46ml/s 314 0.022 3.14 3.14 100.3 2.99 0.50 3.03 45 4.51 3.23 5.55
Re =1200 342 0.022 3.13 3.13 104.3 2.88 0.16 2.88 46 4.27 3.14 5.30
374 0.022 3.13 3.13 98.7 3.04 0.33 3.06 54 4.67 3.18 5.65
386 0.021 3.13 3.13 100.7 2.98 0.20 2.99 56 4.69 3.15 5.65
445 0.021 3.13 3.13 102.2 2.93 0.22 2.94 63 4.66 3.16 5.63
499 0.021 3.13 3.13 103.2 2.91 0.15 2.91 71 4.64 3.14 5.61
138 0.020 3.14 3.14 69.1 4.34 0.69 4.40 34 7.75 3.38 8.46
Water with 175 0.020 3.13 3.13 77.7 3.86 0.26 3.87 36 6.49 3.17 7.22
0.01% SLS 212 0.019 3.19 3.19 95.3 3.15 2.18 3.83 33 4.93 4.81 6.88
0.46ml/s 255 0.019 3.14 3.14 90.5 3.31 0.62 3.37 42 5.33 3.40 6.32
Re = 1200 297 0.019 3.14 3.14 95.3 3.15 0.97 3.29 47 5.10 3.66 6.28
343 0.019 3.14 3.14 97.7 3.07 0.82 3.18 52 5.01 3.49 6.10
395 0.018 3.14 3.14 100.3 2.99 0.50 3.03 59 4.95 3.61 6.13
499 0.018 3.14 3.14 103.0 2.91 0.55 2.96 72 4.76 3.40 5.85
622 0.018 3.13 3.13 105.8 2.84 0.27 2.85 87 4.73 3.20 5.71
136 0.020 3.19 3.19 60.7 4.94 2.93 5.74 42 9.94 6.73 12.01
Water 169 0.020 3.14 3.14 65.1 4.61 0.60 4.65 46 8.80 3.36 9.42
0.46 ml/s 200 0.019 3.13 3.13 70.8 4.24 0.37 4.25 48 7.64 3.22 8.29
Re = 1200 244 0.019 3.14 3.14 82.0 3.66 0.57 3.70 47 6.16 3.28 6.98
290 0.019 3.14 3.14 90.3 3.32 0.62 3.38 48 5.35 3.33 6.31
333 0.019 3.16 3.16 93.7 3.20 1.45 3.51 53 5.20 3.95 6.53
445 0.018 3.14 3.14 99.3 3.02 0.67 3.10 66 4.86 3.34 5.90
561 0.018 3.14 3.14 102.9 2.92 0.55 2.97 82 4.95 3.30 5.95
624 0.018 3.13 3.13 104.4 2.87 0.33 2.89 90 4.95 3.21 5.90
760 0.018 3.13 3.13 108.5 2.76 0.26 2.78 107 4.92 3.31 5.93
912 0.018 3.14 3.14 115.0 2.61 0.56 2.67 127 5.21 4.59 6.95
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